Introduction
============

Extramedullary disease (EMD) occurs in up to 5% of multiple myeloma (MM) patients, arising *via* hematogenous spread or through the bone cortex into contiguous tissues.^[@b1-1051780],[@b2-1051780]^ It can occur in the skin, lymph nodes, abdominal organs, upper airway and the central nervous system (CNS).^[@b3-1051780]^ Plasma cell leukemia (PCL) and extramedullary solitary plasmacytomas are biologically and prognostically distinct conditions and therefore not referred to as EMD.^[@b2-1051780],[@b4-1051780]^ The reported incidence of EMD has increased, possibly in part due to improved survival in MM patients through the use of enhanced treatment modalities, in particular stem cell transplantation (SCT), proteasome inhibitors (PI), and immunomodulatory drugs (IMiD).^[@b2-1051780]^ According to one study, there has been an increase in EMD detected at the time of MM diagnosis from 4% to 12% between 1971-93 and 2000-2007 patient cohorts, suggesting improved detection by modern imaging techniques.^[@b5-1051780]^ Since it represents a minority of MM cases, clinical trials have not focused on EMD or any of its subtypes such as MM with CNS involvement (CNS-MM), and thus available data come from single cases and small retrospective studies.^[@b6-1051780]^

Multiple myeloma with CNS involvement is a rare form of EMD characterized by plasma cell infiltration of the CNS, meninges or cerebrospinal fluid (CSF). It is observed in a small number of MM cases at diagnosis and around a fifth of extramedullary relapses, typically two or three years after the initial MM diagnosis.^[@b7-1051780]-[@b10-1051780]^ Infiltration of the CNS or meninges is rarer in myeloma than in most other hematologic malignancies, affecting well under 1% of patients, and carries a very poor prognosis with reported median overall survival (OS) of seven months or less following its diagnosis.^[@b8-1051780]-[@b13-1051780]^ However, intracerebral plasmacytomas that develop from osseous lesions of the cranium can be treated successfully with radiation, unlike the more serious myelomatous meningitis.^[@b14-1051780]^

Incidence and prevalence
------------------------

The reported median age of onset of CNS-MM is often younger (50-60-year old age group) than the usual median age of approximately 70 years for MM diagnosis, with up to 20-25% of cases discovered at the initial myeloma diagnosis.^[@b8-1051780],[@b15-1051780]^ However, age at presentation varies between studies, including that of our own data ([Table 1](#t1-1051780){ref-type="table"}), suggesting CNS-MM may be underdiagnosed in older patients. CNS-MM can arise at any stage of MM, and although previous studies suggest a bias towards later stage disease,^[@b1-1051780]^ a recent large-scale retrospective study did not find an association with MM clinical stage.^[@b8-1051780]^ The improved OS of MM patients is expected to lead to an increased incidence of EMD and CNS-MM, possibly due to the extra time available for mutations in residual, drug-resistant tumor cells following treatments, that alter expression of adhesion molecules, oncogenes and tumor suppressor genes.^[@b14-1051780]^ Furthermore, there may also be an increase in the time from MM diagnosis to CNS involvement due to the effectiveness of high-dose chemotherapy and treatment using novel agents.^[@b10-1051780]^ Indeed, patients have often had several lines of treatment by the time CNS-MM is diagnosed.^[@b8-1051780],[@b16-1051780]^

###### 

Regional hematologic malignancy diagnostic service data (*SO'C, 2019, unpublished data*).
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In our own experience in a regional hematologic malignancy diagnosis center (HMDS, Leeds, UK) over a 15-year period (December 2003-March 2019), ten cases (6 female, 4 male) of CNS-MM were identified (*SO'C, 2019, unpublished data*). Two of these were at MM presentation, whilst the remainder occurred 6-108 months following MM diagnosis ([Table 1](#t1-1051780){ref-type="table"}). The incidence was well under 1% overall (5,238 cases of MM were investigated at HMDS during this period). A higher incidence of female (F) to male (M), and lambda (λ)-restricted to kappa (k)-restricted, patients, to that found in newly diagnosed MM (ND-MM), was noted. Although absence of CD56 expression was more frequent (4 out of 10 cases) than seen in ND-MM, and one case showed rearranged immunoglobulin heavy chain (IGH), and one loss of 1p with gain of 1q, none of these parameters, including immunophenotypic or acquired cytogenetic aberrations, was seen in adequate numbers to be suggestive of significant association with CNS involvement. Furthermore, bone marrow (BM) interphase fluorescence *in situ* hybridization (iFISH) was not available in the earlier cases, so association of CNS-MM with cytogenetic aberrations predisposing to its development cannot be reported due to small sample size. In all cases, the immunophenotype of the CNS plasma cells was identical to the BM plasma cells. Overall, the ability to carry out iFISH or molecular testing was compromized in most instances by inadequate sample and/or myeloma cell numbers.

A summary of presentation, treatment and survival data from all papers reviewed is presented in [Table 2](#t2-1051780){ref-type="table"}. Although limited by variations in both the approach and incomplete data in the original manuscripts, this analysis confirms the bias towards a lower M:F ratio, and more frequent λ light chain restriction than in ND-MM without CNS involvement. Furthermore, CNS relapse 26 months following MM diagnosis is in keeping with the duration generally quoted. Because of incomplete data, definitive treatment analysis preceding and following CNS-MM relapse could not be ascertained. However, within these limitations, summary treatment data are annotated in [Table 2](#t2-1051780){ref-type="table"}.

###### 

Analysis of data from studies referenced.
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Cause
-----

Multiple myeloma with CNS involvement develops *via* hematogenous dissemination of malignant cells or contiguous spread of the tumor, often associated with PCL and cranial plasmacytoma, respectively.^[@b1-1051780],[@b15-1051780]^ Although it has been suggested that invasion of the CNS is enabled by treatment of MM with immunomodulatory drugs (IMiD), with a report of an MM patient receiving lenalidomide prior to CNS-MM progression,^[@b17-1051780]^ this is not robust evidence. Data for EMD in general suggest that escape from the BM is enabled by mutations to tumor suppressor genes such as *TP53*, oncogenes such as *RAS*, and altered expression of adhesion molecules, as outlined above.^[@b18-1051780]-[@b21-1051780]^ These genetic changes may enable proliferation independent of stimuli provided by the BM environment. Furthermore, recent studies do not support a causal link between modern MM treatment and subsequent EMD which may rather be a consequence of longer survival of patients treated with novel agents.^[@b2-1051780],[@b21-1051780]-[@b23-1051780]^ Additionally, recent increases in EMD prevalence have been seen at MM diagnosis as well as post treatment, and therefore may be due to improved detection.^[@b2-1051780]^ In another study, the only risk factor for an extramedullary relapse following autologous stem cell transplant (SCT) was EMD at MM diagnosis.^[@b5-1051780]^ Further weak evidence for a causal relationship between loss of neural cell adhesion molecule (NCAM) (CD56) and CNS-MM, which has a role in cell-cell adhesion, is presented in our own data ([Table 1](#t1-1051780){ref-type="table"}).

Prognosis
---------

The majority of CNS-MM cases are in patients who have received MM therapy prior to CNS involvement ([Table 2](#t2-1051780){ref-type="table"}) and whose survival is generally short and may depend on subsequent treatment.^[@b6-1051780],[@b8-1051780],[@b15-1051780],[@b24-1051780]^ In a recent retrospective study of 172 CNS-MM patients, Jurczyszyn *et al*. found the median overall survival (OS) from the onset of CNS involvement to be seven months; multivariate analysis revealed that receiving MM therapy before CNS involvement, and having \>1 cytogenetic marker of poor prognosis, were risk factors that reduced median OS from 25 months to 5.5 months when either was present, and to two months with both present.^[@b8-1051780]^ Jurczyszyn *et al*. also showed a median OS of 12 months in patients who received systemic therapy following CNS-MM diagnosis.^[@b8-1051780]^ Similarly, Chen *et al*. analyzed records for 37 patients treated between 1999-2010 and found a group of nine longer survivors with a median OS of 17.1 months from CNS-MM diagnosis, who were typically treated with radiotherapy, intrathecal chemotherapy, and IMiD.^[@b15-1051780]^ Majd *et al*. studied nine CNS-MM patients treated between 2008-2013 and observed that the three longest survivors received stem cell transplant after CNS involvement was detected.^[@b25-1051780]^ Interestingly, none of these nine patients was receiving maintenance therapy before CNS involvement was detected.^[@b25-1051780]^

The recent study of 50 patients with intracranial myeloma by Gozzetti *et al*. illustrates the distinction of osteodural myeloma from CNS-MM, with osteodural myeloma patients showing a median OS more than three times that of patients whose CNS-MM was defined by the presence of plasma cells in CSF.^[@b26-1051780]^ Dias *et al*. studied 20 patients with CNS infiltration, 17 of whom had only osteodural myeloma without leptomeningeal involvement and median OS of 40.3 months from the start of CNS involvement, compared to 5.8 months with leptomeningeal involvement.^[@b27-1051780]^ Our overall analysis of CNS-MM survival data from studies cited in this review (4.5 months) ([Table 2](#t2-1051780){ref-type="table"}) is in accordance with these figures.

Cytogenetics
------------

The cytogenetic risk factors of MM have been established as prognostic indicators of poor OS in CNS-MM patients. Jurczyszyn *et al*. found del(13q) (39%) and del(17p) (23%) to be the most common.^[@b8-1051780]^ del(13q) is detected at a similar frequency in CNS-MM to MM, and therefore this study concurs with an older review by Nieuwenhuizen and Biesma which found no association between CNS-MM and del(13q).^[@b1-1051780],[@b8-1051780]^ Jurczyszyn *et al*. also observed the frequency of del(17p) in CNS-MM to be similar to that in MM.^[@b8-1051780]^ Smaller studies, however, have shown higher rates of del(13q)^[@b24-1051780]^ and del(17p) in CNS-MM.^[@b18-1051780]^ A similar pattern of cytogenetic abnormalities is seen in EMD and BM-MM, apart from the t(4;14) *FGFR3/IgH* translocation and del(17p), which showed a higher frequency in EMD.^[@b7-1051780]^ A small study using immunostaining to compare EMD with BM-MM showed higher aberrant expression of p53 in EMD.^[@b20-1051780]^ We advocate caution in the interpretation of some data providing apparently convincing evidence of association between specific acquired cytogenetic aberrations such as del17p,^[@b18-1051780]^ published well over a decade ago when methodologies and iFISH probe quality were questionable. In our own experience, we have failed to detect any significant association between BM iFISH results at diagnosis and co-existing or subsequent development of CNS-MM. Also, we have refined our iFISH technique during the past 15 years, including preselection of CD138 positive plasma cells, and switched to alternative iFISH probes giving clearer signals, so would include our own earlier results in this 'questionable' category.

Other associations
------------------

Associations between CNS-MM and several further parameters have been suggested, although some evidence comes from small studies. IgA myeloma represented 27% of CNS-MM cases in the multi-center study by Jurczyszyn *et al*. compared to 21% of the 1,027 newly-diagnosed MM (ND-MM) cases studied by Kyle *et al*.^[@b8-1051780],[@b28-1051780]^ The figure of 27% is very similar to that of 26% in the summary analysis of data referenced in this review ([Table 2](#t2-1051780){ref-type="table"}). The review by Nieuwenhuizen and Biesma shows a higher proportion of cases of λ than k light chain expression in CNS-MM patients, to that observed in MM.^[@b1-1051780]^ Jurczyszyn *et al*. report 52% of cases expressing k, 42% λ and 5% both k and λ, also suggesting a higher frequency of λ-expressing myeloma in CNS-MM than in MM.^[@b8-1051780]^ Nieuwenhuizen and Biesma also observed 8.3% of CNS-MM cases expressing IgD and 7.3% showing biclonal immunoglobulin expression,^[@b1-1051780]^ both of which are around 2% in ND-MM.^[@b28-1051780]^ Other studies suggest a higher likelihood of IgD and light chain myeloma in CNS-MM.^[@b25-1051780],[@b29-1051780]^ According to Jurczyszyn *et al*., however, 2% of CNS-MM cases were IgD and 1% had biclonal immunoglobulins; the proportions of cases with light chain myeloma and IgG myeloma were also similar to those seen in ND-MM.^[@b8-1051780],[@b28-1051780]^ Data from studies of EMD in general show a higher prevalence of IgD myeloma among EMD at relapse than in MM;^[@b21-1051780]^ and cases with EMD at MM diagnosis are more likely to be IgD, λ or non-secretory myeloma.^[@b5-1051780]^ Our summary analysis of studies referenced in this review identified 4% of cases expressed IgD, and 5% showed biclonal immunoglobulin expression. Overall, however, there is no consensus for associations between light chain restriction, or Ig class, and CNS-MM.

The phenomenon that CNS-MM might be seen more often in autologous SCT (ASCT)-receiving patients might be: a) by chance; b) because specifically those patients may show longer survival and may, with prolonged survival, develop extramedullary site (EM)-MM; and/or c) because EM/CNS-MM specifically homes to sites other than the BM, as has been observed after intensive therapies, such as ASCT and allogeneic-SCT.^[@b30-1051780],[@b31-1051780]^

Other associations seen in CNS-MM suggest features of late disease or, alternatively, distinct biology. In Nieuwenhuizen and Biesma's 2008 review, 41.3% of CNS-MM were stage 3 disease by the Durie-Salmon staging system.^[@b1-1051780]^ The later study by Jurczystyn *et al. f*ound only 27% to be stage 3, using the International Staging System (ISS), although 47% showed elevation of lactate dehydrogenase (LDH), one of the parameters of late-stage MM used in the ISS.^[@b8-1051780]^ The 18 cases studied by Fassas *et al*. suggest an association between CNS-MM and tumor mass, other EMD, PCL and plasmablastic morphology.^[@b32-1051780]^ Nieuwenhuizen and Biesma observed circulating plasma cells (cPC) in 20% of CNS-MM and postulated an association, although the Kyle *et al*. study reported cPC in the majority of ND-MM.^[@b28-1051780]^ Some groups propose loss of the cellular adhesion molecule CD56 from the surface of malignant plasma cells as a mechanism of extramedullary spread and, hence, CNS infiltration.^[@b33-1051780]^ Although our own data suggested a higher incidence of CD56 loss in CNS-MM than in ND-MM, data from some other studies do not support this or the presence of a CNS-specific immunophenotype.^[@b29-1051780],[@b34-1051780]-[@b37-1051780]^ Studies of EMD in general have revealed a putative biological signature which includes increased LDH,^[@b7-1051780],[@b38-1051780]^ along with evidence of a reduction in CD56 expression.^[@b20-1051780],[@b39-1051780]^ We found no difference in features such as cytogenetics, cytology and histopathology between CNS-MM diagnosed at the time of MM diagnosis and those diagnosed at relapse. A summary of studies considered in this review is given in [Table 3](#t3-1051780){ref-type="table"}.

###### 

Studies considered in this review.
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Diagnosis
---------

Multiple myeloma with CNS involvement is difficult to diagnose as it can produce heterogeneous symptoms related to either spinal, cranial or meningeal infiltration, which can be confounded by neurological symptoms caused by the hypercalcemia, uremia, paraproteinemia and bone damage typical in MM,^[@b8-1051780]^ as well as side-effects of drug therapy and, in some cases, amyloid protein.^[@b32-1051780]^ In addition, clinical and laboratory findings of CNS-MM are not always MM-specific; for example, they can be similar to those of leptomeningeal metastases from other hematologic malignancies.^[@b40-1051780]^ CNS-MM patients can present with impairments to sight, speech, motor and sensory functions, radicular pain, headache, confusion, dizziness and, less frequently, seizures, vomiting, cranial nerve palsy, lethargy, fever, convulsion, vertigo, hearing loss and incontinence.^[@b1-1051780],[@b8-1051780]^ When such symptoms are seen in MM patients, the ensuing investigations employ imaging, cytological and/or cytometric techniques. The suggested approach to diagnosis of CNS-MM is shown in [Figure 1](#f1-1051780){ref-type="fig"}.

![Diagnosis and treatment of multiple myelo-ma with central nervous system (CNS) involvement. FDG-PET: fluorodeoxyglucose positron-emission tomography; WCC: white cell count; CSF: cerebrospinal fluid; FLC: free light chain; TP: total protein; ALB: albumin; Ig: immunoglobulins; M-band: monoclonal immunoprotein; CS: corticosteroids; NGNA: next generation novel agents; XRT: radiotherapy; IT: intrathecal therapy; mAbs: monoclonal antibodies.](1051780.fig1){#f1-1051780}

Cytological techniques can detect atypical plasma cells and flow cytometry can detect monoclonal CD38/CD138 expressing cells in CSF in approximately 90% of CNS-MM cases, thus confirming the disease.^[@b8-1051780],[@b41-1051780]^ CSF cytology and flow cytometry are both particularly useful since the former can employ immunocytochemistry to identify unknown tumors,^[@b42-1051780]^ and the latter can be used to distinguish the clonal plasma cells found in MM from polyclonal plasma cells present in CSF in other conditions.^[@b43-1051780]^ Furthermore, the presence of a paraprotein, including clonal free light chains (FLC), in CSF obtained from a clean lumbar puncture, can be diagnostic. Minute or undetectable concentrations of paraprotein in the parallel analysis of serum is strong evidence that monoclonal immunoprotein detected in CSF originates from plasma cells in the CNS rather than BM.

In the study of 172 CNS-MM patients by Jurczyszyn *et al*., magnetic resonance imaging (MRI) of the brain and/or spine showed evidence of CNS involvement in 93% of cases, while computed tomography (CT) scans showed evidence in 81%.^[@b8-1051780]^ In the patients who underwent imaging, leptomeningeal involvement was found in over half, intracranial mass in approximately half, and both in approximately 20%.^[@b8-1051780]^ Fluorescence *in situ* hybridization can reveal EMD and is therefore potentially useful for detection of CNS-MM.^[@b44-1051780],[@b45-1051780]^ Diagnosis of CNS-MM is confirmed using imaging and by detection of monoclonal immunoprotein and/or clonal plasma cells in CSF ([Figure 2](#f2-1051780){ref-type="fig"}), with the last of these especially useful for leptomeningeal involvement.^[@b25-1051780],[@b35-1051780]^ Imaging techniques are effective in most cases, although studies estimate a 10% false negative rate.^[@b8-1051780]^ Detection of plasma cells in CSF provides strong evidence of CNS-MM, although these can be absent when infiltration of parenchymal CNS has occurred.^[@b8-1051780],[@b46-1051780]^

![Detection and characterization of myeloma cells in cerebrospinal fluid by flow cytometry. Clonal plasma cells (blue) distinguished from other lymphocyte populations (red) and debris (black).](1051780.fig2){#f2-1051780}

Treatment of multiple myeloma with CNS involvement: current approaches and future directions
--------------------------------------------------------------------------------------------

The optimal approach to treatment of CNS-MM is not currently known. The relatively small numbers of patients presenting with this complication means that there is no high quality, prospective clinical trial data to inform an evidence-based approach to therapy. The current approach mirrors those treatment modalities used in lymphoproliferative disease infiltrating the CNS, namely, systemic therapy, intrathecal (IT) therapy, and CNS irradiation, often in combination.

Systemic therapy
----------------

Drug therapies successfully employed in MM might be ineffective in CNS-MM due to: tumor resistance after previous therapy,^[@b8-1051780]^ because they require interaction with the BM microenvironment,^[@b47-1051780]^ or the inability to cross the blood-brain barrier (BBB).^[@b1-1051780]^ It has been suggested that, by preventing access of drugs to the brain, the BBB provides a safe haven for the tumor that only radiotherapy or IT administration can overcome.^[@b14-1051780]^ Therefore, when considering systemic therapy, a prerequisite is that the chosen agent(s) have the potential to cross the BBB. Standard cytotoxic regimens lack efficacy in CNS-MM as they are either poor at penetrating the BBB (alkylating agents including melphalan and cyclophosphamide) or ineffective against myeloma cells (high-dose methotrexate or cytarabine). Bendamustine is capable of permeating the BBB and has shown some efficacy in two cases of leptomeningeal relapse of myeloma in combination with thalidomide, dexamethasone and craniospinal irradiation.^[@b48-1051780]^ High-dose steroids are known to cross the BBB, although they are of limited benefit when used in isolation.

The retrospective analysis of 172 patients with CNS-MM published by Jurczyszyn *et al*. in 2016 highlighted the importance of incorporating systemic therapy into any planned treatment strategy.^[@b8-1051780]^ Ninety-seven percent of patients were treated, receiving systemic therapy (76%), radiotherapy (36%), and IT therapy (32%). The only group to have a significantly longer median OS than the untreated group received systemic treatment (OS 12 *vs*. 3 months), although the number of patients not given sys temic therapy was small. Furthermore, these data need to be interpreted with caution as it appears fair to assume that patients in whom systemic treatment could be considered were in better condition to tolerate that treatment when CNS-MM was diagnosed. Hence, this is a potential source of bias in the interpretation of the OS data.

The IMiD thalidomide and lenalidomide have been reported to penetrate the BBB in non-human primates.^[@b49-1051780]^ In patients, thalidomide has been shown to cross the BBB in leptomeningeal CNS-MM;^[@b50-1051780]^ however, it is not certain whether it is sufficiently fast-acting to stabilize CNS-MM disease.^[@b8-1051780],[@b51-1051780]^ A 2015 review of 31 Greek patients with CNS-MM showed no survival benefit from the use of novel agents (including thalidomide and lenalidomide) or radiotherapy, although it should be noted that they received no high-dose systemic therapy or SCT.^[@b52-1051780]^ Chen *et al.\'s* 2013 study observed 6 of 9 long-term CNS-MM survivors when treated with IMiD-based therapy (5 thalidomide; 1 lenalidomide), with concomitant multi-dosing IT therapy and cranial/spinal irradiation.^[@b15-1051780]^ The third-generation IMiD pomalidomide has demonstrated activity in EMD^[@b22-1051780]^ and good penetrance of the BBB in a murine model.^[@b53-1051780]^ Notably, a durable CSF emission has been reported using pomalidomide-dexamethasone treatment.^[@b54-1051780]^

The current PI in regular clinical use (bortezomib, carfilzomib and ixazomib) are not thought to cross the BBB. However, bortezomib has shown some efficacy when used in combination with other agents and treatment modalities in CNS-MM.^[@b26-1051780]^ This benefit may be due to pathological changes such as inflammation and angiogenesis increasing the permeability of the BBB, thus allowing passage of the drug. Marizomib, a newer PI which can cross the BBB, can be detected in the CNS upon systemic therapy, and has shown potential efficacy in relapsed refractory MM (RRMM), malignant glioma, and a small number of CNS-MM patients.^[@b16-1051780],[@b55-1051780]^

Intrathecal therapy
-------------------

The typical intrathecal therapy (IT) therapy regimen administered in CNS-MM is the triplet of IT hydrocorti-sone, methotrexate and/or cytarabine. This is repeated until clearance of plasma cells and free light chains from the CSF. Its use is controversial as myeloma cells are not thought to be particularly susceptible to methotrexate or cytarabine and it is unlikely to penetrate parenchymal CNS lesions. In two 2013 studies, one of 17 CNS-MM cases showed longer median OS in patients given IT therapy (methotrexate and/or dexamethasone) compared to those who had not,^[@b12-1051780]^ and a study of 37 patients identified a subgroup treated with radiotherapy, IMiD and IT therapy (hydrocortisone, methotrexate and/or cytarabine) who had longer median OS.^[@b15-1051780]^ Since patients were not randomly grouped, the effect of bias cannot be ruled out in these studies. No such positive effect was observed in a 2014 study of eight patients where IT therapy was associated with a median OS of 0.9 months,^[@b24-1051780]^ consistent with other studies that have only shown a modest benefit of IT therapy.^[@b25-1051780]^ Intrathecal use of rituximab \[a humanized anti-CD20 monoclonal antibody (mAb)\] has been shown to be safe for this method of administration in the setting of CNS lymphoma^[@b56-1051780]^ which might suggest a future role for other mAb with anti-myeloma activity being administered by this route.

Cranial or cranial-spinal irradiation
-------------------------------------

Malignant plasma cells are known to be sensitive to radiotherapy and this treatment modality is the cornerstone of treatment for solitary plasmacytomas of bone and EM plasmacytomas.^[@b57-1051780]^ Cranial irradiation was reported in one review to show statistically significant benefit in improving survival (median 3 *vs*. 0.81 months) compared to those not receiving this treatment modality.^[@b1-1051780]^ Targeted radiotherapy can alleviate focal symptoms such as muscle weakness caused by intramedullary spinal cord lesions.^[@b58-1051780]^ There is evidence that modern radiotherapy techniques can deliver impressive responses in parenchymal CNS-MM lesions without significant myelotoxic sequelae.^[@b59-1051780]^

Stem cell transplantation
-------------------------

Stem cell transplantation can overcome the poor prognosis of EMD when detected at MM diagnosis,^[@b60-1051780],[@b61-1051780]^ and can have a similar effect in extramedullary relapse as in BM relapse, contradicting the theory that EMD has its own immunological environment that will not support a graft-*versus*-myeloma response.^[@b2-1051780]^ In a study of 18 CNS-MM patients, the longest survivor (25 months) had received an allo-SCT after the diagnosis of CNS-MM and had no evidence of CNS-MM relapse at the time of death, suggesting a graft-*versus*-myeloma effect in the CNS.^[@b32-1051780]^ However, unlike in EMD, SCT is not currently considered a standard salvage treatment option in most cases of CNS-MM due to their short survival time.

Current approach
----------------

Important factors in the approach to treatment of CNS-MM include the following. Accurate diagnosis with a clear understanding of which part of the CNS is involved in order to help target therapy and penetrate site of disease.Patient factors, including: a) current BM function and likelihood of being able to tolerate further systemic therapy; b) practicalities of delivering frequent IT therapy; c) potential toxicities of CNS irradiation.Acknowledgment of prior lines of systemic therapy, to avoid use of likely disease-resistant agent(s). However, drug resistance in the primary site of the tumor (BM) may not necessarily be replicated in the CNS due to the absence of BM mesenchymal stromal cells which may provide protection to the tumor cells in the BM environment.Constraints of treatment options in resource-poor countries.Choice of agents known to cross the BBB and with evidence of efficacy in CNS-MM.

Given the limited therapeutic evidence-base described, our current approach to patients with suspected CNS-MM is as follows: accurate diagnosis (as summarized in [Figure 1](#f1-1051780){ref-type="fig"}) employing MRI of brain and whole spine, analysis of CSF including serum free light chain (FLC) analysis and multi-color flow cytometry to demonstrate presence of MM cells, and, less commonly, stereotactic brain biopsy as indicated; a backbone of systemic therapy incorporating IMiD and high-dose steroid, and anti-CD38 mAb (see below) depending on local funding directives; and appropriate site-directed CNS irradiation. We would acknowledge that, whilst IT therapy is controversial, it remains part of the standard of care in most centers.

Future direction
----------------

Several newer agents have demonstrated activity in B-cell neoplasms including CNS-MM. Monoclonal antibodies are of considerable interest and may play an important part in improving outcomes in CNS-MM. Daratumumab is a humanized mAb specific for CD38 and there is evidence it can cross the intact BBB, being measurable in CSF.^[@b62-1051780]^ It has shown significant activity in parenchymal CNS-MM in combination with IT therapy and radiotherapy (XRT).^[@b63-1051780]^ Also, in a study of relapsed / refractory MM (RRMM) with CNS involvement, a patient treated systemically with daratumumab achieved a response, clearing the CSF of plasma cells, although there was concomitant use of IT therapy.^[@b6-1051780]^ Isatuximab, another anti-CD38 mAb, has shown efficacy in heavily pre-treated MM patients^[@b64-1051780]^ and is currently being evaluated in phase III studies in combination with steroid and novel agents.^[@b65-1051780]^ Elotuzumab is a humanized mAb directed against SLAMF7, also called CS1. SLAMF7 is expressed on most myeloma and natural killer cells, but not on normal tissues. More than 95% of BM myeloma cells have been demonstrated to express SLAMF7. Elotuzumab has been shown to have activity in RRMM in combination with IMiD and steroid.^[@b66-1051780],[@b67-1051780]^ However, there are no current data on its use in CNS-MM.

Translocations involving chromosome 14 are a recurrent finding in MM and approximately 15% of patients demonstrate a t(11;14) (q13;q32) involving the *CCND1/IGH* genes. This juxtaposition results in *CCND1* being over-expressed, leading to kinase activation and tumor cell pro liferation. t(11;14) cases in MM are predicted to be BCL-2-dependent resulting in upregulation of anti-apoptotic proteins and thereby making BCL-2 a potential target in this subtype of myeloma.^[@b68-1051780]^ Venetoclax is a BCL-2 inhibitor and promotes apoptosis *via* a *TP53* mutation-independent pathway and is of proven efficacy in patients with chronic lymphocytic leukemia (CLL) with del(17p) and/or *TP53* mutation.^[@b69-1051780]^ It has also been demonstrated to cross the BBB in CLL and is therefore of potential efficacy in CNS-MM.^[@b70-1051780]^ Several phase III trials are currently underway using venetoclax in patients with RRMM.

The *BRAF* gene encodes protein kinases which regulate the intracellular MAP/ERK signaling pathway involved in cell proliferation and survival. Somatic mutations arising in this gene can lead to oncogenesis. The *BRAF*^V600E^ mutation is seen in up to 10% of MM patients at diagnosis and up to 20% at relapse.^[@b71-1051780],[@b72-1051780]^ Inhibition of this pathway using selective inhibitors of *BRAF*^V600E^ kinase such as vemu-rafenib, has shown some efficacy in RRMM.^[@b73-1051780]^ Other agents targeting this pathway are currently the subject of prospective clinical trials in Europe (*[clinicaltrials.gov](http://clinicaltrials.gov) identifier: NCT02834364*) and in the United States (*[clinicaltrials.gov](http://clinicaltrials.gov) identifier: NCT03091257)*. There is evidence such agents may cross the BBB^[@b74-1051780]^ and at least one case report of a patient with BRAF^V600E^ positive CNS-MM relapse responding clinically and radiologically to BRAF-MEK inhibitors.^[@b75-1051780]^

Chimeric antigen receptor-modified T-cell (CAR-T) therapy is in preclinical stages of development for patients with RRMM. The CAR-T construct targets the B-cell maturation antigen (BCMA) which is highly expressed on malignant plasma cells. Soluble BCMA levels are significantly increased in CSF in primary CNS lymphoma.^[@b76-1051780]^ There is an assumption that CAR-T products cross the BBB given that neurotoxicity is a frequent but generally temporary side effect of this therapy. Its use in treating patients diagnosed with CNS-MM might be impeded by the fact that currently the time from patient leukapheresis to re-infusion with the CAR-T product is approximately four weeks. However, development of 'off-the-shelf' CAR-T products may overcome this obstacle in the future.^[@b77-1051780]^ Other immunotherapy modalities that target the BCMA include bispecific antibody constructs, including BiTE^®^ (bispecific T-cell engager) immuno-oncology therapies, and antibody-drug conjugates (ADC). These products, like CAR-T, have shown efficacy in RRMM.^[@b78-1051780]^ However, unlike CAR-T, they have the advantage of not requiring *ex vivo* manipulation of patients' cells, therefore conferring a significantly faster time-to-treatment following diagnosis. Studies have suggested sBCMA is not just a suitable target for drug therapy but that it may also have an important role in MM as a biomarker at diagnosis for its prognostic value, in assessment of response to therapy, and in minimal residual disease monitoring.^[@b78-1051780]-[@b81-1051780]^

Conclusions
===========

Prevention of CNS-MM and improved outcomes face significant challenges due to the rarity of the condition, and its rapid progression. Sensitive detection of monoclonal immunoprotein and plasma cells in CSF enables efficient diagnosis and monitoring of treatment response.^[@b13-1051780],[@b82-1051780]^ This, together with new drugs, such as the next generation of PI, mAb and molecularly targeted and immune-oncological therapies, potentially offers improved risk stratification and treatment options. However, there remains a paucity of data to provide a clear evidence base on whether novel agents offer improved therapy for these patients, especially at relapse.^[@b52-1051780],[@b83-1051780],[@b84-1051780]^ Furthermore, myelosuppression is a side-effect of myeloma drug treatment, including some of the most recent novel agents such as pomalidomide,^[@b85-1051780]^ although modern radiotherapy may allow targeting of CNS-MM to avoid the BM and resultant damage to hematopoiesis.^[@b59-1051780]^

The difficulties in recruiting adequate numbers of patients with CNS-MM to clinical trials is acknowledged. Thus, these innovative treatment approaches may best be achieved through worldwide group efforts to determine optimum diagnostics and treatments, and offer the best evidence-based potential to improve outcomes. We therefore recommend the establishment of an International Registry of such cases as the best way to produce a database to underpin best practice recommendations for both diagnosis and treatment. The design of a 'proforma' to be submitted with each dataset registered will be of paramount importance to enable capture of this information. This approach has been used successfully in, for example, light chain (AL) amyloidosis and POEMS syndrome.

Finally, in EMD, there is evidence that poor prognosis is not linked to advanced disease alone, or to treatment received, but to tumor biology.^[@b2-1051780]^ Therefore, an improved understanding of this would enable identification of MM cases at risk of CNS relapse. This, in turn, would allow consideration of prophylaxis in patients thus identified, as, for example, in high grade B-cell lymphoma.^[@b16-1051780]^ However, at present, CNS-MM confers a bleak outlook and urgently requires an innovative approach to treatment.
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